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Abstract
We study the non-contact friction between an atomic force micro-
scope tip and a metal substrate in the presence of bias voltage. The
friction is due to energy losses in the sample created by the electro-
magnetic field from the oscillating charges induced on the tip surface
by the bias voltage. We show that the friction can be enhanced by
many orders of magnitude if the adsorbate layer can support acous-
tic vibrations. The theory predicts the magnitude and the distance
dependence of friction in a good agreement with recent puzzling non-
contact friction experiment [3].We demonstrate that even an isolated
adsorbate can produce high enough friction to be measured experi-
mentally.
A great deal of attention has been devoted to non-contact friction between
an atomic force microscope tip and a substrate [1, 2, 3, 4, 5]. This is related
to the practical importance of non-contact friction for ultrasensitive force de-
tection experiments. The ability to detect small forces is inextricably linked
to friction via the fluctuation-dissipation theorem. For example, the detec-
tion of single spins by magnetic resonance force microscopy [6], which has
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been proposed for three-dimensional atomic imaging [7] and quantum com-
putation [8], will require force fluctuations to be reduced to unprecedented
levels. In addition, the search for quantum gravitation effects at short length
scale [9] and future measurements of the dynamical Casimir forces [10] may
eventually be limited by non-contact friction effects. Non-contact friction is
also responsible for the friction drag force between two-dimensional quantum
wells [11, 12, 13].
The non-contact friction always is of electromagnetic origin, but the de-
tailed mechanism is not totally clear, since there are several different mech-
anisms of energy dissipation connected with the electromagnetic interaction
between bodies. First, the fluctuating current density in one body will in-
duce a current density in other body. The interaction between the fluctuating
current and the induced current density gives rise to the well-known long-
range attractive van der Waals interaction [14] and the van der Waals friction
[15, 16, 17]. Secondly, the surfaces of the tip and the sample always have
static charges due to inhomogeneities of the surfaces. The presence of in-
homogeneous tip-sample electric fields is difficult to avoid, even under the
best experimental conditions [3]. The electric field can be easily changed by
applying a voltage between the tip and the sample. The friction associated
with moving charges will be denoted as the electrostatic friction.
The fluctuating electromagnetic field near the surface of the tip will pro-
duce a fluctuating force acting on the tip, resulting in Brownian motion of
the cantilever. Thus, just as damping in liquids is intimately connected with
random impacts and Brownian motion of small particles [18, 19], the non-
contact friction is necessarily connected with the random forces that drive
the cantilever Brownian motion.
Recently several groups have observed unexpectedly large long-range non-
contact friction [1, 2, 3, 4, 5]. The friction force F acting on the tip was found
to be proportional to the velocity v, F = Γv. Stipe et.al.[3] observed non-
contact friction effect between a gold surface and a gold-coated cantilever as
a function of tip-sample spacing d, temperature T , and bias voltage V . For
vibration of the tip parallel to the surface they found Γ(d) = α(T )(V 2 +
V 20 )/d
n, where n = 1.3 ± 0.2, and V0 ∼ 0.2V. At 295K, for the spacing d =
100A˚ they found Γ = 1.5 × 10−13 kgs−1, An applied voltage of 1 V resulted
in a friction increase of Γ = 3× 10−12kg/s at 300 K and d = 20nm.
In a recent Letter, Dorofeev et.al. [1] claim that the non-contact friction
effect observed in [1, 2] is due to Ohmic losses mediated by the fluctuating
electromagnetic field . This result is controversial, however, since the van der
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Waals friction for good conductors like copper has been shown [15, 16, 17, 20]
to be many orders of magnitude smaller than the friction observed by Doro-
feev et.al.. Realizing that the van der Waals friction between good conductors
is too small to explain the experimental data, in [21] it was proposed that the
van der Waals friction may be strongly enhanced between the high resistivity
mica substrate and silica tip. However the mica substrate and silica tip were
coated by gold films thick enough to completely screen the electrodynamic
interaction between underlying dielectrics. The large friction obtained in [21]
is due to the extremely small conductivity of mica ( σ ∼ 10−8(Ω m)−1).
At small separation d ∼ 1nm resonant photon tunneling between the
adsorbate vibrational modes on the surfaces of the tip and the sample can
enhance the friction by seven order of magnitude in comparison with the good
conductors surfaces [16, 17]. However the distance dependence (∼ 1/d6) is
stronger than observed experimentally.
Recently, a theory of noncontact friction was suggested where the friction
arises from Ohmic losses associated with the electromagnetic field created by
moving charges induced by the bias voltage [22]. In the case of a spherical
tip this theory predict the same weak distance dependence of the friction as
observed in the experiment, but the magnitude of the friction is many orders
of magnitude smaller than the experimental value. At present there is no
theory which can explain satisfactory both the magnitude and the distance
dependence of friction observed in [3].
In this Letter we present a novel explanation of the puzzling experimental
data reported in [3]. We suggest that the large long-range non-contact fric-
tion is due to the electromagnetic interaction of the moving charges, induced
on the surface of the tip by the bias voltage, with acoustic vibrations in an ad-
sorbate layer on the surface of the sample. In particular, for the Cs/Cu(001)
system the experiment suggest the existence of an acoustical film-mode even
for the very dilute phase (θ = 0.08) [23]. The negligible value of the substrate
corrugation for Cs/Cu(001) explains why no preferential adsorption site has
ever been observed for this system [24].
We begin by considering a model in which the tip of a metallic cantilever
of length L is a section of a cylindrical surface with radius of curvature R
(see Fig.1). The cantilever is perpendicular to a flat sample surface, which
occupies the xy plane, with the z- axis pointing into the sample. The tip
displacement u(t) = xˆu0e
−iωt is assumed to be parallel to the surface (along
the x axis), which will be a good approximation when the oscillation am-
plitudes u0 is sufficiently small. The cantilever width b, i.e., the size in the
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direction perpendicular to the xz plane, is taken to be much larger than the
thickness c (b ≫ c). In the case of a cylindrical tip geometry, the electric
field induced by the bias voltage is the same as that which would be pro-
duced in the vacuum region by two charged wires passing through points
at z = ±d1 = ±
√
2dR + d2, where d is the separation between the cylinder
and the sample surface [25]. The wires have charges ±Q per unit length,
Q = CV , where V is the bias voltage, and
C−1 = 2 ln[(d+R + d1)/R] (1)
The vibration of the tip will produce an oscillating electromagnetic field
which is the same as that which would be produced in the vacuum region
from an oscillating charged wire located at z = d1. The energy dissipation
in the sample induced by the electromagnetic field of the oscillating wire
is determined by integrating the Poynting’s vector over the sample surface.
Taking into account that the energy dissipation per unit time must be equal
to 2ω2Γ|u0|2, we get the following formula for friction coefficient for motion
of the cylindrical tip parallel to sample surface
Γ‖ = lim
ω→0
2Q2b
∫ ∞
0
dqqe−2qd1
ImRp(ω, q)
ω
, (2)
where Rp is the reflection coefficient for p-polarized electromagnetic waves.
The reflection coefficient Rp, which take into account the contribution
from an adsorbate layer, can be obtained using an approach which was pro-
posed in [30]. Using this approach we get:
Rp =
1− s/qǫ+ 4πna[sα‖/ǫ+ qα⊥]− qa(1− 4πnaqα‖)
1 + s/qǫ+ 4πna[sα‖/ǫ− qα⊥] + qa(1 + 4πnaqα‖) , (3)
where
s =
√
q2 −
(
ω
c
)2
ǫ, (4)
and α‖ and α⊥ are the polarizabilities of adsorbates in a direction parallel
and normal to the surface, respectively. ǫ = 1+4πiσ/ω is the bulk dielectric
function, where σ is a conductivity, and na is the concentration of adsorbates.
In comparison with the expression obtained in [30], Eq.(3) takes into account
that the centers of the adsorbates are located at distance a away from image
plane of the metal. Although this gives corrections of the order qa≪ 1 to the
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reflection amplitude, for parallel adsorbate vibrations on the good conductors
(when ǫ ≫ 1), they give the most important contribution to the energy
dissipation. For clean surfaces na = 0, and in this case formula (3) reduces
to the well-known Fresnel formula. In this case, for R ≫ d, Eq.(2) gives a
formula which was obtained recently in [22] using a less general approach:
Γccl =
bV 2
26πσd2
(5)
With b = 7 ·10−6m and σ = 4 ·1017s−1 for gold at 300 K, and with d = 20nm
and V = 1Volt this formula gives a friction which is eight orders of magnitude
smaller than observed experimentally [3].
Let us now consider ions with charge e∗ adsorbed on the sample. The
polarizability for ion vibration normal and parallel to the surface is given by
α⊥(‖) =
e∗2
M(ω2⊥(‖) − ω2 − iωη⊥(‖))
, (6)
where ω⊥(‖) is the frequency of the normal (parallel) adsorbate vibration,
and η⊥(‖) the corresponding damping constant and M is the adsorbate mass.
A particular interesting case is Cs adsorbed on Cu(100). At θ ≈ 0.1 the
Cs film has an acoustical branch with adsorbate vibrations parallel to the
surface. This means that for such vibrations ω‖ ≈ 0. In this case the main
contribution to the friction comes from vibrations parallel to the surface, and
the imaginary part of the reflection amplitude is given by
ImR ≈ 2ωηqaω
2
q
(ω2 − ω2q)2 + ω2η2
(7)
where
ω2q =
4πnae
∗2aq2
M
(8)
Using (7) in (2) for R >> d we get
Γcad =
bηMR1/2V 2
27/2d3/2πnae∗2
(9)
This friction exhibits the same distance dependence as is observed experi-
mentally [3]. For isolated Cs on Cu(100) the damping parameter η has both
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phononic and electronic contributions. The friction due to one-phonon pro-
cesses gives ηph = 2.6 · 108s−1 [23]. However the existence of the acoustic
branch in the adsorbed layer means that adsorbate layer is incommensurate
with the substrate. In this case emission of the bulk phonons gives vanish-
ing contribution to the damping of parallel vibrations in the adsorbed layer
because the adatoms do not“see” the corrugation of the substrate potential.
For Cs adsorbed on Cu(100) the adsorption height a = 2.94A˚ and at
coverage θ ≈ 0.1 the dipole moment µ ≈ 4D [23], thus the ion charge e∗ =
µ/a ≈ 0.28e. In this case the theory of the electronic friction for ionic bond
[26, 27] gives η‖ion = 3·107s−1. This is a rather small damping constant. Much
larger contribution comes from electronic friction due to covalent bond which
is given by [26, 28].
η‖cov =
2
πh¯
ξ
me
M
ǫF sin
2 πe
∗
e
(10)
where for Cs adsorbed on Cu(100) the parameter ξ ≈ 0.17, me is the electron
mass, ǫF is the Fermi energy. With ǫF = 7eV , e
∗/e = 0.28, Eq.(10) gives
η‖cov = 3 · 109s−1 and with na = 1018m−2 (θ ≈ 0.1), R = 103nm, and with
the same other parameters as above at d = 20nm Eq.(9) gives Γ = 2.7 ·10−13
what is seven order of magnitude larger than for the clean surface, and only
one order of magnitude smaller than observed experimentally [3]. Because of
similarities of Cu and Au surfaces the same estimations will be valid also for
the Au surface. However the electronic friction predicts weaker temperature
dependence [29] than in the experiment, where the friction at 300 K for
d = 20nm is approximately 6 times larger than at 77 K regardless of voltage.
Defects of the adsorbed layer like atomic steps, impurity atoms and other
imperfections, and also the anharmonicity will also contribute to vibrational
relaxation in adsorbed layer. The anharmonicity and vacancies give temper-
ature dependent contribution to the damping parameter η. The vacancies
give exponential dependence on the temperature, and anharmonicity gives
contributions ∼ T for three-phonon processes and ∼ T 2 for four-phonon pro-
cesses. Further experimental and theoretical studies will be required to fully
elucidate the origin of the phonon life-time in adsorbed layer.
In the case of a spherical tip geometry the electric field induced by the
bias voltage is approximately the same as that which would be produced in
the vacuum region between two point charges ±Q = ±CV located at
z = ±d1 = ±
√
3Rd/2 +
√
(3Rd/2)2 +Rd3 + d4 (11)
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where
C =
d21 − d2
2d
(12)
It can been shown that the electrostatic force between the tip and the metal
surface within this approximation agrees very well with the exact expres-
sion for a sphere above metal surface [31]. The vibrations of the tip will
produce an oscillating electromagnetic field, which in the vacuum region co-
incides with the electromagnetic field of an oscillating point charge. The
friction coefficient for a point charge moving parallel to the surface due to
the electromagnetic energy losses inside the sample, is determined by [32]
Γ‖ = lim
ω→0
Q2
2
∫ ∞
0
dqq2e−2qd1
ImRp(ω, q)
ω
(13)
For motion normal to the surface, Γ⊥ = 2Γ‖. For a clean sample surface and
for R >> d from Eq.(13) we get
Γscl =
31/2R1/2V 2
27d3/2πσ
(14)
This expression is only a factor 1.6 smaller that obtained independently in
[22] using a less general approach. For the same parameters as above and
at d = 20nm, the friction for a spherical tip is two order of magnitude
smaller than for the cylindrical tip. For a spherical tip, when the sample
surface is covered by adsorbates, from Eqs.(7) and (13) for R≫ d we get the
contribution to the friction from adsorbates
Γsad =
3RMηV 2
26dπnae∗2
(15)
This friction at d = 20nm is also two order of magnitude smaller than for
the cylindrical tip.
We now show that the atomic force microscope can be used for to study
the vibrational dynamic of isolated adsorbates. Let us calculate the friction
acting on the tip due to the interaction of the tip with vibrations of an
isolated adsorbate. Let us assume that the tip is in a top position relative to
an adsorbate. In this case, due to vibrations of the ion parallel to the surface,
on the tip will act a fluctuating force in direction normal to the surface
F fz =
12Qµu2a‖
d51
(16)
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where ua‖ is the displacement coordinate for vibrations of the ion parallel to
the surface, µ is the dipole moment of isolated ion, and d1 and Q are deter-
mined by Eqs.(11) and (12). Accordingly to the Kubo formula, the friction
coefficient can be expressed through the force-force correlation function [33]
Γ⊥ = (kBT )
−1Re
∫ ∞
0
dt〈F fz (t)F fz (0)〉 (17)
where 〈...〉 stands for thermal equilibrium average. Using Eqs. (16) and (17)
for d≫ R we get
Γ⊥ = 1.3
µ2kBTV
2
M2ω4‖d
5R3η
(18)
For the Cs/Cu(100) system µ = 7.5D, ω‖ = 0.9 · 1012s−1, η = 4.6 · 109s−1
[23]. For a sharp tip with R = 0.5d = 1nm, V = 1Volt and T = 300K
we get friction Γ‖ = 7.1 · 10−13kg/s. This friction is so large that it can be
measured with present state-of-the-art equipment. Note that the friction is
characterized by a very strong distance dependence, and this can be used for
the determination of the ion position.
In this letter, we have shown that the “electrostatic friction” can be en-
hanced by several orders of magnitude when the surface of the metal sample
is covered by an adsorbed layer with an acoustic branch of vibrations parallel
to the surface. Our calculations predict a non-contact friction with similar
magnitude, distance and bias voltage dependence as observed in a recent
atomic force microscope study [3]. We have demonstrated that even isolated
adsorbate can produce high enough friction which can be measured experi-
mentally. These results should have broad application in non-contact friction
microscopy, and in the design of new tools for studying adsorbate vibrational
dynamics.
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FIGURE CAPTURE
Fig.1 Scheme of the tip-sample system. The tip-shape is characterized its
length L and the tip radius of curvature R.
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